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The time rates of change of lcvcl populations and radiation densities derived from J. detailed kinetic model of the F + 

112 + H1: + H laser are employed as input data far a time dependent thermodynamic analysis of this system. The laser is 
rcgardcd as an irreversible heat engine generating thermodynamic work in the form of laser light. The development in time 
of the thermodynamic functions, efficiency and irreversible entropy production is determined by computing the contribu- 
tions of pumping, radiation and relaxation to the entropy and energy of the lasing molecules. Effects of specific rate proc- 
esses are evaluated by considering different kinetic schemes, i.e. different combinations of kinetic processes and initial con- 
ditions. It is shown, among others, that a laser without relaxation processes (“frictionless”) has poor efficiency despite the 
absence of energy losses and the low irreversible entropy production. On the other hand, the efficiency is high in lasers 
governed by fast rotational relaxation. This is because rotational relasation. though leading to some energy losses and ir- 
reversible entropy production, compensates for the entropy decrease of the system (while lasing under partially inverted 
populations) by increasing the bath entropy. The major general conclusion of the analysis is that the thermodynamic con- 
straints related to the kinetic scheme and not the extent of irreversibility of the lasing process is the crucial factor in deter- 
mining the laser efficiency. 

1. Introduction 

In electrochemical cells the chemical energy stored 
in a nonequilibrium chemical mixture is converted 
into electrical energy. Similarly, in chemical and other 
molecular lasers the energy stored in the nonequilib- 
rium molecular populations generated by the pump- 
ing process is converted into laser radiation. Coherent 
laser radiation, like electrical current, carries energy 
but no (or negligible) entropy and is thus equivalent 
to thermodynamic work [l-4] . Hence a thermo- 
dynamic approach to chemical lasers can be, and has 
been, constructive for better understanding the be- 
hsviour of these complex nonequilibrium chemical 

f Work supported by the Israel Academy of Sciences, The 
Commission for Basic Research. 

systems. For example, based on free energy consider- 
ations one can evaluate upper bounds to the laser ef- 
ficiency for different initial and external conditions. 
Among others, it can be shown that the enhancement 
of the laser efficiency due to fast rotational relaxa- 
tion results from removal of thermodynamic con- 
straints on the molecular distribution function [S] _ 

In previous works [6,7] * we have calculated upper 
bounds to the laser efficiency by regarding the lasing 
process as a sequence, or cycle, of equilibrium and 
quasi-equilibrium stages, e.g. the reactants, the nas- 
cent products of the pumping reaction, the partly 
(usually rotationally) relaxed pre-lasing populations, 
the post-lasing and the totally relaxed products [3]. 
From the energy and entropy changes in the various 

* For a review, see ref. [7] _ 
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stages it is possible to find limits to the laser efficien- 
cy and the dissipative losses. This equilibrium ther- 
modynamic type analysis provides insights into the 
mechanisms of energy storage and conversion in cl~em- 

ical lasers. Also, it is quite realistic in the sense that 
the various stages in the iasing cycle are usually wcff 
separated in time. Yet. the equilibrium thermody- 
mink approach has two inliercnt limitations, which 
are not specific to chemical laser systems. First, it 
provides no information on the temporal evolution 
of the thermodynamic functions during the passage 
from one state to another. Second, the upper bounds 
to the iascr cfkicncies derived from the time inde- 
pendent description might be far remote from the 
actual efliciencics. In other words, the laser is rcgard- 
ed as a revcrsiblc heat engine while actual cllcmical 
lasers xe cquivulent to irreversible heat engines. 

In this paper we present a comprehensive time 
depcndcnt thermodynamic analysis of a typical chem- 
ical laser system; the flash initiated F f i-I2 + HF + 1-I 
laser rnodrl dcscribed in the previous paper [8] 
(henceforth paper I). Some of the initial conditions 
esarltincd in this model simidate the esperimentaf 
condirions crnployed by Berry [91 . The rcsufts of 
the kinetic modeling will serve us as input data for 
rhe thermodynamic description. Based on the time 
rates dcharlge of the level populations, photon den- 
siIies, lr3r~sistioild tcrnperaturc and the nonlasing 

species concentrations obtained by solving the rate 
cqwitions. and Ihc statistical mechanical (informa- 
tion theoretic) definitions of entropy and energy of 
a aclncrll~ilibriu[li molecular system I71 we shall 
study the time evolution of rhe various thermody- 
namic characteristics of the laser system. The first 
;~nd scsond ICIW of thermodynamics will enable us to 
assess the irrcvcrsiblc entropy production and heat 
pduction ie the system d the deviation of the 
instarttancous and intcgratcd cfficicncics from their 
idol (reversible) values (lo] _ By comparing the rei- 
alive instzmtaneous contributions to the entropy and 
energy of the system and the surrounding heat bath 
it will bc possible to identify memory effects which 
reflect !hc mechanisms of energy storage and convcr- 
sion in clwnkxl lasers. 

The thermodynamic information on the time evo- 
hJtiOJJ of tiJC SyStCIll ;lppGJrS kItCJltlj’ LIlllOIlg the Wry 

&tailed microscopic data provided by the laser rate 
equations. The main virtue of the thermodynamic 

analysis presented in tile following is in processing 
and focusing the detaited kinetic data into a few WI- 

croscopicaily significant quantities. These quantities 
(e.g. the work and heat production) are interrelated 
by the basic laws of thermodynamics. Also, they are 
more feasible for cxperirnentai determination than 
the photon and molecular populations. In the pres- 
ent study the experimental system will be realized 
by the kinetic model described in paper I [8]. In the 
theoretical framework of this work the kinetic mod- 
el 1~s two advantages over a real esperimentai sys- 
tem. First, it is free from unknown factors and de- 
tection errors. Second, it allows to evaluate the spe- 
cific thermodynamic effects of different kinetic 
processes which in real systems occur simultaneous- 
ly_ For esample, in the kinetic modeling we found 
that rotational and vibrational relaxation play op- 
posing roles in affecting the laser efficiency. Here we. 
shall show that while in nonlasing mixtures both 
processes are dissipative, in lasing systems rotational 
rciasation rcduccs the irreversible entropy increase 
of tfle system by coupling the internal degrees of 
freedom of the lasing molecules to the heat bath. 
The heat transferred from the system to the bath due 
to this coupling leads to entropy increase of the bath 
which compensates for the entropy decrease of the 
system thereby allowing efficient estrxtion of ener- 
gy from partially inverted vibrational popu~tions’. 

2. Thermodynamic background 

Phc thermodynamic description of pulsed chem- 
ical laser systems presented in this work is based en- 
tirely on t!le first and second law of thermodynamics 
and the statistical mechanical, or information theo- 
retic, dcfinitionsofcntropy and energy in nonequilib- 
rium molecular systems. In order to introduce the 
basic concepts and quantities required for the thermo- 
dynamic analysis and to emphasize the thermody- 
namic character of chemical lasers let us visualize 
these systems as continuous, non-cyclic and irrcvers- 
ibfe heat engines. The “working substance” in these 
heat engines are the internal degrees of freedom of 
the fasing ~~~olccuics, which henceforth will be con- 

sidercd as the “system”. The system is coupled 

t See for csamplc, refs. [ 11 I. 
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simultaneously to two heat reservoirs. A “hot reser- 
voir” represented by the reactants of the chemical 
pumping reaction supplies “heat”, i.e. energy, EP, 
and entropy, Sp, to the system; E, = E,(t) and S, = 
SJt) are the total 3mounts of energy and entropy 
provided to the system by the pumping reaction in 
the time interval t = 0 to r. The rates of energy and 
entropy pumping. kP and S, respectively, are pro- 
portional to the rate of the pumping reaction, see 
below. (An effective, constant, pumping tcnlperature - . 
Tp = E,/S, CJII be associated with the “hot reser- 
voir”_) A part of the pumped energy is converted in- 
to tliermodynamic work, W, (laser output) and an- 
other part, Q, is delivered to a “cold reservoir” com- 
prising all the no&sing species and the translational 
degrees of freedom of the lasing molecules; Q = Q(f) 
and IY = W(r) arc, respectively, the total hea: released 
into the cold reservoir and the total her energy be- 
tween t = 0 and t In the following we shall refer to 
the cold reservoir as the “heat bath”. The beat bath 
is assumed to be in internal equilibrium, character- 
ized by a well defined temperature T throughout the 
lasing. Yet, since its heat capacity is finite, the tem- 
perature T = T(t) may be time dependent. The rate 
of work production, or equivalently, the instantane- 
ous law output power, k, is determined by the rates 
ofstinwlated radiation processes taking place in the 
laser cavity. Similarly, Q, the rate ofhest transfer 
from the system to the bath is determined by the 
relaxation processes. Correspondingly, the rate at 
which the bath entropy increases is $, = &I”, where 
T= T(r) is the instantaneous bath temperature. It 
should be emphasized that 3, represents only the 
system’s contribution to the bath entropy_ It does 
not account for all the entropy changes of the bath. 
For example, the pumping reaction releases part of 
its exoegicity into the translational degrees of free- 
dom of the product molecules which according to 
our definition, belong to the heat bath rather than 
to the system. This leads to direct contributions of 
energy and entropy from the hot reservoir into the 
heat bath which are not included in 0 and 3,. Other 
processes, not involving the internal degrees of free- 
dom of the lasing molecules such as secondary chew 
icnl reactions or the residual flash energy provide 
other direct contributions to the thermodynamic 
functions of the heat bath which influence, of course, 
its temperature T. Similarly, the quantities I?,, and 

$, introduced above incorporate only the direct con- 
tributions of the pumping reaction to the energy and 
entropy of the internal degrees of freedom of the 
HF molecules. 

In pulsed chemical lasers the energy, E = E(t), and 
tlic entropy, S = S(t), ofthe system, i.e. the total ener- 
gy and entropy contents of the internal degrees of 
freedom of the lasing molecules are time dependent. 
This is due to two factors: First,N, the absolute num- 
ber of lasing molecules (per unit volume) increases 
in the; ii; 3s 0. Second, the internal energy distribu- 
tions are changing due to the radiative and nonrodia- 
tive processes. The time rllte of change of the system 
energy, E, is related to Ep, 8 and ril by the first lil\V 

of thermodynamics, which expresses the energy b‘al- 
ante in the laser system [ lOI_ Namely, 

EC&P_ rg-0. (1) 

At t = 0, the time of initiating the pumping process, 
N = 0 and consequently E(t = 0) = Ep(f = 0) = 0. 
Hence, integration of (1) yields 

“=Ep- IV-Q. (2) 

where E = E(r) is the instantaneous internal energy 
snd E,. IV and Q are the integrated quantities de- 
lined above. Using X to denote any of these quanti- 
tie: as well as the eniropies S,, Sb and S, which all 
satisfy .S(r = 0) = 0, we have7 of course 

,y=~(r)=jX(r’)dr’. (3 
0 

The second law of thermodynamics implies that 
for any inhilesimnl change in the state of the sys- 
tems, dS 2 Z dSi = C dQ$j, wht~e dSi and dQi are 
the entropy and heat exchange with reservoir i gov- 

erned by temperature Tj, respectively. In our case we 
have two such reservoirs whose respective contribu- 
tions to the sum are tip/Tp = dS, and -dQ/T= 
-dSt,. Consequently, 

s>s, - s, =sp - O/T, (4) 

with equality for reversibie operation. 
Integration of(4) yields 

t 
s>s,- S, = Sp - j- &)/T(i) dr’. 

0 
The difference 

0) 
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sir=s+s,-s,, (6) 

represents the rnte of irreversible entropy production 
(in the ‘*universe”). Similarly 

Sir=S+Sb-Sp, (7) 

is the integrated irreversible entropy production. A 
reversible process is defined as a process in which Sir 
(and hence also Sir) is identically zero. The efkien- 
cy of heat engines based on “working fluids” in in- 
ternal equilibrium is improved by reducing the irre- 
versible entropy production (during the contact with 
the heat reservoirs). IIowever, in chemical lasers the 
working fluid comprising the internal degrees of frce- 
c!om is not in internal equilibrium. Consequently, 
Sir > 0 may be due to a variety of processes, some 
of which occurring within the working tluid. As we 
shall see b.elow, aniorg these processes thcrc are 
some, which though leading to a certain irreversible 
entropy production and, correspondingly, to dissipa- 
tion ol-energy, play a major role in enhancing the la- 
ser efticiency. 

AI1 the thermodynamic equaiities can be appiied 
to cw lasers. in fact, the appropriate expressions for 
cw systems are considerably simpler. I-lerc .E and S 
should refer to the intern31 energy and entropy of 
the lasing molecules present at any moment in the 
Iaser cavity. Since cw systems are in steady state the 
concentration of the hsing (and all other) molecules 
as well as their internal energy distribution are time 
independent_ Hence E = 0 and 3 = 0. Since all ener- 
gy and entropy tluxes into and out of the cavity are 
constant, the quantities kp, s,, 0, sb, Si, and T 
arc constanfs. Thus, for example, eqs. (1) and (6) re- 
duce to 

Cl = Ep - rir - 0 (cw), (8) 

Sir =s, - s, (cw). (9) 

Upper bounds to the laser efficiency can be de- 
rived by combining the results of the first and second 
law. Before doing so we shall introduce the explicit 
expressions for the thermodynamic functions of 
chemical lasers. Using EuJ to denote the energy of 
the vib-rotational level u. J, NUJ for the number of 
molecules (per unit volume) in this level at time t 
and P(v, J) = IV~J/IV = NvJIZIVu~ for the normalized 
vib-rotationa distribution at time c we have 

where <E) is the average internal energy per molecule. 
Note that E is the internal energy per unit volume of 
the laser cavity (i.e. E is in units ofcaI/cm3). All 
other extensive functions introduced below, such as 
EP, S or 11’3Iso refer to unit vohnne 0r the laser cavi- 

ty- 
The time rate of change of.E is 

The entropy stored in the internal degrees of freedom 
of the laser active molecules is [S-7] 

= -kiV 2 P(v, J) In [P (u, J)J(2J f l)] = MS), (13) 

where k is the L’oltzmann constant and (s) is the aver- 
age internal entropy per molecule. 

The time rate of change ofS is given by 

S = -kk C P(v, J> In [P(v, J)/(z.r + I)] 

(13 
Energy and entropy are pumped into the system 

by the pumping reaction [9] 

F + H, -+ t-IF@, J) f H. (14) 

The (negligibly slow) reverse reaction will not be 
taken into account in our anAy.sis. The rate of pump- 

ing energy and entropy into the internal degrees of 
freedom of the I-IF molecules are 

‘15) 

16) 
Here k(u. J) is the rate constant 0r (14), P&u, 4 = 
k(v,J)/Ck(u. J) is the vib-rotational distribution of 
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the nascent I-IF molecules, GP) and $1 are the aver- 
age internal energy and entropy per molecule of nas- 
cent IIF, respectively. Integration of (15) and (16) 
yields 

Ep = A12 Pi(u, J> EvJ = Nk& (17) 

SP =-I&? $(u,J) In[~(u,J)/(UJ+ l)] =A’$,). (18) 

The rate of extracting thermodynamic work from the 
system (per unit laser active volume) is the net rate 
of stimulated emission [8], i.e. 

where c is the light velocity and 7p is the photon life- 
time in the Cavity. ouJ. &vuJ and &J are the cross 

section for stimulated emission, the population in- 
version and the radiation density in the u,J - 1 -+ 
u - 1 ,.I transition, respectively. pUJ = /IV,~C&~, where 
buJ is the photon density and vu,_ the transition fre- 
quency. It should be noted that IV is the rate of stim- 
ulated emission in the cavity. The rate of output cou- 
pling from the laser is given by the second term in 
(19), p/r,. Since the stimulated emission tends to 
reduce bv,,J to &!“’ u J which implies p = 0 the second 
term in (19) is generally much larger than the first 
term. It is identically zero for cw lasers and set equal 
to zero in the steady state (“gain equal loss”) approx- 
imation of pulsed systems [12,13]. 

The total laser energy between f = 0 and t is 

J+‘(t) = p(l) + ;b- [ p(f’) dt’. (20) 

The total pulse energy is obtained from (20) by set- 
ting t > tq where fq is the pulse quenching time. 

Since p(f > fq) = 0 only the second term in (20) con- 
tributes to I(/ = W(r > tq)_ 

The rate of heat transfer from the system to the 
bath, 8, can be determined from 0 = CXiqi, where 
Xi is the rate of the relaxation process i and qi is the 
heat reIeased in this process. However, in the com- 
putations presented below f?,kP and Ii! were deter- 
mined from (1 l), (15) and (19), respectively, and 0 
from (1). Similarly Q was evaluated from (2). The 
corresponding contributions to the bath entropy were 
computed as $, = Q/SIT and Sb = J,f $, df’ = J,‘&t’)l 

T(r’) dt’, cf. eqs. (4) and (5). Finally, Sir and Sir were 
computed via (6) and (7), respectively. 

The input data required for the thermodynamic 
analysis are N(u,J), puJ (or &J) and T. All these 
quantities have been determined by solving the laser 
rate equations for the kinetic model of the I-IF laser 
described in the previous paper [8]. 

Combination of (1) and (4) yields a theoretical 
upper bound to the instantaneous laser power [lo], 

i.e. 

li i (a - T”J - (k - TS). (21) 

This inequality can be re-expressed in terms of the 
I Ielmholtz free energy of the system A = E - TS and 
the pumping contribution to the free energy defined 

as,Ap =E,, - TS,; 

Iv< (A, - i‘s& - (A - a). (22) 

If the heat bath is infinite so that T= con.% eq. (22) 
reduces to [lo] 

IkGAp - A. (33) 

For cw lasers where s = i = 0 and T= const. eq. (22) 

is further reduced, i.e. 

I?</$ =a - Ts, (cw). (24) 

Upper bounds to the integrated laser energy, W(t), 
are obtained by integrating eqs. (?I)-(24). Thus, in 
the general case where T is time dependent we find 
from (21) 

(25) 

For T = const. we get from (23) 

iWAp -A = ‘Ep - E) - T(Sp - S). (26) 

Finally, for cw lasers (24) yields 

IVGA, (cw). (27) 

The bounds on ril and W can be transformed into 
bounds on the Iaser efficiency. We shall use two kinds 
of efficiencies to &aracterize the laser performance. 
The instantaneous efficiency 

x = x(c) = l;‘& (28) 

and the integrated efficiency 

q = r/(r) = W/Ep. (7_9) 
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The instantaneous efficiency provides a quantitative 
measure for the mechrtnism of energy storage and 
conversion in the laser system [IO] _ In 9 system with 
“memory” the energy supplied by the pumping proc- 
ess cm be stored in the internal degrees of freedom 
of the lasing molecules without being immediately 
released as heat or radiation. As long as internal ener- 
gy is accumulated i> 0 while 6’ and x are small. 
Then, if this energy is suddenly liberated as a pulse 
of laser radiation, f? is typically largly negative and 
Ii/and x may reach very high values. Later on we 

shall see that in certain cases x may largely esceed 
unity. This behaviour is typical to Q-switched lasers 
[ IS]_ Oscillations in x are also expected at the lasing 
threshold region (relaxation oscillations). In %lemo- 
ryless” systems, e.g. cw lasers, the energy pumped 
into the system is immediately converted to radiation 
and heat. In this case x is constant. It can bc antici- 
pated that a similar bchaviour (i.e. slowvly varying x) 
will be observed in the near steady state region which 
usually characterizes the second (post-threshold) las- 
ing period in pulsed chemical lasers. 

Combining (71) and (18) we find 

x f 1.7 i/E, - T($, - &ip. 00) 

Since FP is a smoothly varying function (proportion- 
al to N) whereas i may be largely negative and con- 
sequently x largely positive, there is no practical up- 
per bound to x_ On the other hand, the bound ori v 
is finite, i.e. from (25) and (79) 

q f I - .E&, - j T($ - 3) dt’lEp = ij. (31) 
0 

Although in practice the rhs of (31) is usually smaller 

than unity this is not a necessary condition. In prin- 
ciple, if the work producing niechanism tends tb in- 
crease the entropy of the system (the working sub- 
stance) heat can be absorbed from the heat bath and 
released as thermodynamic work without violating 
the basic laws of thermodynamics. A similar condi- 
tion prevails for example in electrochemical cells in 
which the charge transfer reaction is exo-entropic. 
hfore generally, (for systems at constant temperature) 
this is always the case for thermodynamic changes 
cfloracterized by I&4 I 2 IMI. 

3. Results and analysis 

The time evolution of the thermodynamic func- 
tions characterizing the ksersystem depends on the 
kinetic scheme, i.e. the combination of rate processes 

taking place in the laser cavity. In order to elucidate 
the thermodynamic aspects of specific rare processes 
we shall examine the behaviour of the I-IF system un- 
der different kinetic schemes. As in paper I this will 
be achieved by varying the initial conditions or by 
artificially switching offor on different kinetic fac- 

tors. In order to relate the kinetic and thermodynam- 
ic analyses we shall test, with minor variations, the 
same kinetic schemes of paper 1. Irl this section we 

present the results of the time dependent thermo- 
dynamic analysis, emphasize the thermodynamic 
characteristics of specific kinetic schemes and derive 
several preliminary concIusions. .A more general in- 
terpretation of the results will be provided in the 
next section. 

Using the Inbelling and notation of the kinetic 
analysis [S] the following runs (kinetic schemes, 
computer experiments) will be analyzed: 1,3,4,5, 
6,7 and 10. Run 2 which is very similar to 1 and 
runs 8,9 and 1 I which test specific vibrotionai deac- 
tivation routes will be omitted. On the other hand, 
a new kinetic scheme, no. 12 below, will be included 
in the analysis. For the sake of convenience, let us 
briefly outline the features of the relevant kinetic 
schemes: 

(1) “standard”. The initial conditions in this run 
simulate those employed in the experiments of Gerry 
191; i.e. the initial gas pressures are II, : CF,I : Ar = 
1 : 1 : 50 torr. The high inert gas pressure ensures 

nearly instantaneous rotational equilibration. 
(3) “PAr = 5 torr”. This run differs from 1 only 

in the Ar pressure_ This leads to lower R-T rates and 
higher temperature rise. 

(4) “PAr = 0 torr”. Here rotational energy transfer 

is slow but not negligible due to the presence of other 
R-T agents besides Ar. 

(5) “Boltzmann”. This kinetic scheme ensures ro- 
taticnal equilibrium before, during and after the laser 
pulse. This was achieved by replacing the experimen- 
tal nascent rotational distributions of the I1F mole- 
cules by Boltzmann distributions. In addition, to 
prevent hole burning effects in the Boltzmann shaped 
distributions the R-T rate was enhanced by artit?cialIy 
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increasing the R-T rate constants used in I. The gas 
mixture was kept as in 1. Note that the initially Boltz- 
mann nascent product distribution has a lower energy 
content than the real nascent distribution The dif- 
ference in the degrees of rotational excitations is 
z G% of the pumping reaction exoegicity and e 9% 
of the total internal excitation (see paper 1 and be- 
low). 

(6) “No R-T”. This is the opposite extreme of 
the former kinetic schemes: i.e. all R-T processes 
have been eliminated from the kinetic model. The 
gas mixture and the V-V,T processes are as in 1 and 
5. 

(7) “NO relaxation”. As in 6, but in addition all 
V-V,T processes have also been eliminated. Since 
heat transfer is impossible in this kinetic scheme, we 
shall (sometimes) refer to it as “the frictionless laser”. 

( 10) “No V-V,T”. This kinetic scheme is iden- 
tical to the standard one except for the elimination 
of all vibrational deactivation processes. 

based on the observation [8] that R-T transfer 
enhances the laser efficiency while V-V, T processes 
have the opposite effect we have added a run which 
was not included in the kinetic analysis; 

(12) “Boltzmann, no V-V,T”. The kinetic scheme 
of this laser is identical to that of the Boltzmann la- 
ser, no. 5 above, except for the “switching off” of 
all V-V,T effects. 

Detailed time profiles of the thermodynamic func- 
tions will be presented For four representative kinetic 
schemes. Two realistic schemes, the “standard” and 
the *‘PA, = O”, and two synthetic ones, the “no re- 
laxation” (“frinctionless”) and “Uoltzmann, no 
V-V, T”. For the other kinetic schemes we shall pro- 
vide only the integrated values of the tbcrmodynamic 
functions. 

Consider first the results of the “PAr = 0” run 
which are shown in figs. la-le. The time dependen- 
cies of iP and .$, are proportional to IV and those of 
Ep and S, to N, cf. eqs. (lS)-( 18). 0 is determined 
primarily by tlte overall population of excited ilF 
molecules, which is low at early times (when N is 
iow) and becomes considerably higher towards the 
end of the pulse when the internal energy distribu- 
tion is nearly constant [8]. (The termination of the 
laser pulse occurs shortly after 0 exceeds f$,, see be- 
low). Therefore, Q and Q are slowly varying functions 
of time. Hence, the lasing characteristics are expected 

12 e 

Fis. 1. Time evolution of the thermodynamic functions (per. 
unityolume) of the HF chemical laser for the kinetic scheme 
“‘PAr = 0”. (n) The system energy, E, pumping energy, EP, 
laser energy (work), IY, and the heat transfer to the bath, Q, 
as functions of time. (b) The time rates of change of E. Ep, . 
IV and Q. (c) The system entropy, S. the pumping contribu- 
tion to the system entropy, Sp_, the system contribution to 
the bath entropy, Sb, and the ureversible entropy, Sk, as 
functions of time. (d) The time rates of change of s, sp, sb 
and Sip (e) The instsntnneous efficiency x and the integrated 
efficiency 9 as functions of time. 

to be exhibited only in the time profiles of h, E, Iti,. 
W, .!?, S, the efficiencies x zrnd q and in certain cases, 
to be considered below, &O in sir and Sir. 

inspection of figs. la and lb feveals that until the 
lasing threshold, (f* = 2.5 J.LS), E = J!?~ and E = Ep. 
This behaviour is expected since before threshold 
Q and Q are negligible and k and W are zero. Thus, 
below threshoId alI the energy pumped into the sys- 
tem remains in the internal modes or, in other words, 
the laser operates as a system with memory. The at- 
tainment of threshold is accompanied by a steep in- 
crease in Ii! and a corresponding decrease in -&; l&l < ri! 
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since in the t == tti region Q = 0 so that Ep a ii, f .l? 
= iit - Ii\ > 0. The changes in lit and l? are reflected 
by steep changes in the instantaneous efficiency. Sim- 
iMy the fast increase of IV following the iasing 
threshold is associated with sudden rise of 77. Beyond 
the threshold region the molecular and photon popu- 
lations vary slowly 181) in a nearly steady state fash- 
ion, and consequentIy alSo E. iti: S and the efticien- 
ties. The slow decrease of 77 = W/Ep towards the end 
of the pulse Is due to the growing influence of d. 
After 0 first exceeds ip, (at f = 13 ps, fig. lb), the 
pumping reaction ceases to contribute to the king 

process. Tfle pulse extends somewhat beyond t = 13 
ps because IV can still increase at the expense of the 
internal energy E. From eq. (I) we see that Q > ip 
implies I? = --i - (6 - gP) G ~6’. Fig_ lb confirms 
that in tfle region characterized by Q G l?p the inter- 
nal energy decreases, t? G 0. However, the contribu- 
tion of tfiis region to the total pulse energy is negfig- 
ible, so practically the pulse terminates shortly after 
0 overcomes ip. Of course, (j remains positive also 
after the laser pulse since the relaxation processes 
continue to carry the system towards compIete ther- 

: 
0 

mal equilibrium. The efficiency of the “Pr?r = 0” sys- 
tem is relatively poor, fig. le (see also table 1 below). 
This is due to the low R-T rates on the one hand 
and the negative influence of the V-V, T processes 
on the other hand. 

Fiia. 2. Time evolution of the thermodynamic functions (per 
&it volume) of the HI: laser system for the kinetic scheme. 
“No relasation” (“frictionless”). Other notationsas in fig. 1. 

0 5 M 15 20 
t(p secl 

Insights into the lasing mechanism can be gained 
from the time profiles of the entropy functions and 
their time rates of change. Before threshold 3 * sp 
and S =‘sp, as expected, figs. Ic and Id. In the early 
stages of the pulse, 7.5 4 c G 7 /IS, s > s, and sir_> 
.!?b. At later times this behaviour is reversed, 3 < Sp 
and Sir < sb. The inequality Sir > $, indicates that 
there is an additional source for irreversible entropy 
production in the system, besides the relaxation proc- 
esses responsible for e = T.!$. This additional source 
must be the lasing process itself. Support to this con- 
clusion comes from the inequality j > $, which holds 
when Sir > .!$ and implies that the system entropy 
increases with a rate faster than that implied by the 
pumping process alone. Further, more convincing, 
support is provided by the results for the “friction: 

less” laser where 0 E 0 but 4, > 0 (see table _I)_ In 
the discussion below we shall argue that S > S,, and 
,$r > $, are characteristic to lasing under complete 
vibrational inversion (Ai, >Nu_l) and/or in the ab- 

sence of efficient rotation31 reIaxation. 
The inequality 4r < $, which holds at the late 

stages of the pulse, fig. Id, indicates that not all the 
heat transferred to the bath, 0 = T$,, is a dissipated 
energy, i.e. the positive quantity Q, s T(gb - Qir) > 
0 is constructive for keeping the Iasing process in con- 
tinuation_ Anticipating the discussion below, we 
shall see thdt this (very small amount) of useful heat 
production is provided by the rotational relaxation. 

The irreversible entropy production in the course 
of the Iasing process is clearly demonstrated in fig. 2 
which sl~ows -ihe results for the “frictionless” laser. 
In this case all the rotational and vibrational relaxa- 
tion processes have been eliminated from the kinetic’ 
model so that s, Q, Sb and Sb are identically zero. 
Hence,T~=~p-~,IV=Ep-E~~i,=~-~pand 
Sir = S - Sp. Before threshold W = IV = Sir = sir = 0. 
Clearly, the irreversible entropy production, Sir, 
which starts and decays with the iaser pulse is due to 
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the basing process. The positive value of ,$ - St, 
throughout the laser pulse confirms our earlier state- 
ment that in the absence of rotational energy trans- 
fer the lasing process necessarily increases the entropy 
of the system. Despite the absence of vibrational de- 
activation the efficiency of the frictionless laser is 
poor, fig. 2e and table 1. This b due to the absence 
of a mechanism, i.e. R-T transfer, which could cou- 

ple the different lasing lines. One may thus generalize 
the findings for the “frictionless” laser by saying 
that the complete lack of reIaxntion processes does 
not guarantee high efficiency. Certain relaxation 
processes, though possibly leading to some dissipa- 
tive losses, may support the useful, work producing, 

mechanism. 
An extremely opposite behaviour to the “friction- 

less” laser is displayed by the “Boltzmann, no V-V, 
T” system, fig. 3. Both kinetic schemes do not in- 
volve V-V,T processes but the latter is governed by 
instantaneous rotational relaxation. Here $, >$ and 
S, > Sir throughout the lasing; except for a neglig- 
ibly short time interval in the threshold region, re- 
flecting the passage from complete to partial vibra- 
tional inversion [8] _ The rate of heat transfer to the 
bath is very low and is nonzero only during the laser 
pulse. This is because the only mechanism of heat 
transfer is rotational relaxation_ The role of this 
mechanism is to prevent hole burning effects in the 
boltzmannian rotational distributions as a result of 
the radiative processes. As wili be shown in the next 
section, this involves very little, in fact negligible, 
energy dissipation. It should be noted, however, that 
even this small amount of heat transfer d = TS, is, 
in principle, an avoidable loss since sQ is mostly ir- 
reversible entropy production; $, = Sir, fig. 3d. 
The decline of St, towards the end of the pulse con- 
firms that heat exchange with the bath accompanies 
the stimulated emission processes and ceases after- 
wards. 

The pronounced oscillations in I$, g and x (which 
in this case exceeds unity) result from the coopera- 
tive mechanism dominating the lasing at rotational 
equilibrium. Due to the strong coupling between the 
rotational levels, lasing in-each of the vibrational 
bands occurs almost exclusively on the line with the 
highest gain. As lasing proceeds the vibrational popu- 
lation ratios NJN,_t tend to decrease [8] and the 
highest gain transition is gradually shifted towards 

t (JJ set) 

Fig. 3. Time evolution of the thermodynamic functions (per 
unit volume) of the HF laser for the kinetic scheme “Boltz- 
mann, no V-V,T”. Other notations as in fig 1. 

higher J values. The efficient rotarional energy trans- 
fer supports the pumping reaction in supplying mole- 
cules to the lasing transition, thereby enhancing the 
stimulated emission in the (single) lasing line. The 
enhanced pumping and stimulated emission are ex- 
hibited by the steep variations in lC and d. The peak 
structure of these functions reflects the attainment 
of thresholds on new lines as a result of the J-shifting 
mechanism. More precisely, the osciIlatory patterns 
of I&‘, (z and x represent the superposition of nearly 
single lasing lines from different vibrational bands. 

In both the “Boltzmann no V-V,T” and the 
“frictionless” lasers the integrated efficiency 77 = 
W/-J& approaches a constant value, cf. fig. 2e and 3e. 
After the pulse has terminated E remains constant 
since there are no relaxation processes. Since Ep al- 
so approaches a constant value 9 = 1 - E/Ep + con- 
stant. Of course, the efficiency of the rotationally 
equilibrated laser is much higher. Two remarks should 
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be made regarding the efficiency of this laser. First, 
we note that q does not approach 1 despite the ab- 
sence of V-T processes. This is because in this near- 
ly ideal system the termination of the laser pulse is 
determined by the requirement of threshold invcr- 
sion, M’ 2 M’I,,_ This requirement sets a lower limit 
on the vibrational population ratio Aru/lVU_, _ It can 
be shown [ 141 that this limit is inversely proportion- 
al to the overall I-IF concentration,N(f + -).. and the 
photon lifetime in the cavity TV. For the dJta of our 
kinetic model [8,14] the fina values ofNU/Nu_, are 
of the order of 0.3. IHence, even at the end of the la- 
ser pulse considerable energy is still stored in the vi- 
brational degrees of freedom and consequently 17 ap- 
proaches a value lower than unity. The second remark 
concerns the calculation of 7j for the “Boltzmann, no 
V-V, T” laser (no. 12) and the UoItzmann laser (no. 
5). In these two cases the average internal energy 
content of the nascent products, cf. eq. (151, does 
not include the initial rotational excitation of the 
I-IF molecules. Thus G,) and EP are lower than in all 
other cases and the value calculated for I) is somewhat 
larger than that obtained by including the initial ro- 
tational excitation_ The ratio between the (E$‘s cor- 
responding to rotationally equilibrated and nonequi- 
librated nascent products is 0.91. This is the factor 
by which 9 of the boltzmannian lasers should be mul- 
tiplied in order to obtain their chemical efficiencies, 

%- 

The last panel of figures, figs. 4a-4e, shows the 
results for the “standard” run which most closely re- 
sembles an experimental laser system [9] _ Because of 
the large excess of buffer gas in this systeIn, rotation- 
al relaxation is almost instantaneous and the general 
behaviour cf the thermodynamic functions is similar 
to tlrat of the “Boltzmann, no V-V, T” laser. The 
differences are mainly due to the inclusion of vibra- 
tional relaxation in the standard laser. This leads to 
sizeable heat transfer and irreversible entropy produc- 
tion and hence to some reduction in the laser em- 
ciency. 

The integrated values of the thermodynamic func- 
tions corresponding to the various kinetic schemes 
are summarized in table I_ Also listed are the quench- 
ing times of the laser pulse, tq, the translational tem- 
perature of the Inixture at I = tq, Tt-(fq), and the to- 
tal number of HF molecules produced by the pump- 
ing reaction, N(r -+-). Except for runs 3 and 4, where 
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Fig. 4. Time evolution of the thermodynamic functions (per 
unit volume) of the IIF chemical laser for the “standard” 
kinetic schenw. Other notations as in fig. 1. 

the heat capacity of the system is relatively small, the 
temperature rise is moderated by the larger excess of 
inert gas. (T(r = 0) = 300 I( in all runs.) According to 
the kinetic model [8] ~ N and consequently Ep and 
S, increase with Tfi as revealed by the results for 3 
and 4. The larger number of molecules is also reflect- 
ed (to different extents) in the other extensive pnram- 

eters, e.g. I!‘, Q and S but not in the intensive param- 
eters such as (E&, @, 77, and Q. 

The efficient conversion of internal energy into la- 
ser radiation due to the rotational energy transfer 
processes is reflected by the low values obtained in 
runs 5 and 12 for the internal energy per molecule at 
the end of the laser pulse, W(fq). Comparison of 
(~j(r~) in the other runs confirms this tendency. The 
decrease in 6~) is accompanied by a decrease in (s), the 
average entropy per molecule. We also note that the 
higher the R-T rate, the higher is the efficiency of 
internal energy conversion 4, [~(t 4 -) = IV/_!Yp(t+m), 
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Integmted vulues of thermodynamic functions 

Kinetic scheme Standard Pztr= 5 ton Pt,r = 0 

(1) 2) (3) (4) 

Boltzmann No R-T 

(5) (6) 

No relasation No V-V, T Boltzmann 
(“frictionless”) no V-V, T 

(7) (10) (12) 

% 
6 (fq) 

15 IS 15 15 12 16 17 17 
310 352 407 310 310 309 310 310 

3.94 4.45 4.97 3.57 3.94 3.94 3.94 3.57 
3.80 4.33 4.78 3.46 3.5 1 3.83 3x9 3.52 
0.77 1.11 1.70 0.73 2.03 2.37 0.80 0.75 
2.46 2.19 1.84 2.36 0.99 1.58 2.93 2.76 
0.60 1.03 1.25 0.36 0.48 0 0.23 0.03 
1.66 1.87 2.08 1.31 1.66 1.66 1.66 1.31 
1.60 1.82 2.01 1.26 1.46 1.60 1.63 1.29 
1.22 1.51 1.90 1.20 1.69 1.83 1.26 1.23 
2.89 3.61 3.75 1.63 1.69 0 1.77 0.57 
2.51 3.30 3.64 1.57 1.97 0.23 1.40 0.5 1 
1.5 1 1.71 1.91 1.51 1.51 1.5: 1.51 1.51 

26.01 26.01 26.01 23.69 26.01 26.0 1 26.01 23.69 
10.91 10.91 10.91 8.73 10.91 10.91 10.91 8.73 
5.14 6.65 9.25 5.09 15.00 16.06 5.34 5-03 
8.40 0.07 10.93 8.23 12.43 12.49 8.43 8.34 
0.62 0.50 0.37 0.66 0.25 0.40 0.74 0.78 
0.47 0.37 0.28 0.45 0.19 0.30 0.56 0.54 
0.77 0.70 0.63 0.78 0.44 0.40 0.77 0.78 

a) Indicates run number. 
h) Et,, E. Id and Q in 1 0m5 cal/cm3 mole. (W = Il’(r 

rounded quenching time -rq)_ 
-+ m) is somewhat higher than W(tq) since lasing lasts somewhat beyond the 

c) SP. S, sh and Si, in lo-’ cal/cm3 mole deg. d) N in lom9 mole/cm3. 
c) (E$ and (E) in kcaI/mole. r) (s,,) and w in cal/mole deg. 

W= W(r -+ -)I ; compare in particular runs 1 and 5 
and IO and 12. K-T transfer in 5 is somewhat faster 
tlmn in 1 and in 12 is faster than in 10. Yet, the chem- 
ical efficiencies, qc, of 5 and 12 are slightly lower 
than those ot‘ I and 10, respectively. As argued in the 
kinetic rrnalysis [8] this effect should be attributed 

to the considerably higher initial rotation excitation 
of the nascent I-IF molecules in the kinetic schemes 
1 and 5. (g, = 0.759 for all runs except 5 and 12, 
where f7, = 0.69q.) We have also calculated ii( the 
thermodynamic bound to the laser efficiency at f = 
fq, cf. eq. (3 1). This limit is very nearly reached in 
two cases. The “frictionless” laser (no. 7) and the 
“Boltzmann no V-V,T” laser (no. I?_). (The differ- 
ences between 17 and f in these cases are negligible.) 
In the frictionless laser the equality p = ? derives from 
the absence of energy losses by relaxation processes. 
In the latter case this equality indicates that the 

(small) loss of internal energy by rotational relasa- 
tion, Q, is essentiA for the high efficiency of the sys- 
tern. The large differences between the various + val- 
ues means that the degree of reversibility of the lasing 
process (as reflected for example by the ratio q/ii) is 
not the major criterion for the efficiency of the laser. 
Considerably more important is the kinetic scheme 
itself, i.e. the interplay with the various kinetic,proc- 
esses governing the time evolution of the system. This 
statement will be given a more rigorous interpretation 

in the next section. 
Finally, it should be noted that in most kinetic 

schemes the irreversible entropy production is nlainly 

due to dissipative losses by relaxation processes since 

‘ir = Sb_ The irreversible entropy production result- 
ing from the lasing process itself is very small as can 
be judged from the very low value Of Sir obtained for 
the “frictionless” !aser. (Note that Sir in this laser is 
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identical to the difference Sir - Sb in the “no R-T” 
system, where S, stems only from V-T processes. 
Since R-T processes are absent Sir - ,I_$, must be the 
entropy production in the king process.) Note also 
that the absolute value of S, is very 10~. That is, 
even if this amount of irreversible entropy production 
which (in principle only) could be compensated for 
by absorbing a quantity of heat Q = TS,, from the 
heat bath and converting it into work, the efficiency 
of the “frictionless” laser would not be improved sig- 
nificantly; TS, = 0.069 X lo-’ k~al/cm~ mole < It’ 
= 1.58 X 10-8 kcsl/cm3 mole. Only rotational cou- 
pling can improve the laser efficiency, compare runs 
7 and 12. 

4. Discussion 

Disequilibrium is a necessary initial condition 
which a t&rmodynanGc system must fulfill in order 
to perform work on esternal objects. The initial non- 
equilibrium state is determined by a set of constraints 
on the system. The most common examples of ther- 
modynamic constraints are thermally (mechanically, 
chemically) insulating partitions separating between 
two systems at different temperatures (pressures, 
chemical potentials). The constraints must not be 
realized by realistic partitions. More generally, in the 
statistical (or information theoretic) description of 
macroscopic molecular systems the constraints are 
represented by certain requirements imposed on the 

molecular distribution function. The thermodynamic 
state of the system is uniquely characterized by the 
(single) distribution function which masimizts the 
entropy of the system subject to these requirements 
[5,7,15,16] _ In the context of the present work 
where the system (by our definition) comprises the 
internal degrees of freedom of the lasing molecules 
the constraints apply to the vib-rotational distribu- 
tion function P(u.J). For example, the formal ap- 
pearance of the constraints governing Pi(u, J), the 
nascent products distribution in the reaction F f 
H2 + HF(u,J) + II is 

P(v,J) =P+gJ) = const. (‘every v.J). W) 

In this, fully specified case, maximization of the en- 
tropy, eq. ( 12), (for constant IV), yields trivially, 
P(u, J) = Pi(u, J) and S = S,, cf. eq. (18). On the other 

hand, the partially relased distribution, 

P(K.0 = ~j(u)~B(Jlu), (33) 

where Pi(u) = ZJPj(u, .I) is the nascent vibrational dis- 
tribution, and 

== (2I f 1) exp [-f?J(J + 1)/W] /q,,,(T), (34) 

is the Boltzmann rotational distribution in level uI is 
governed by much fewer constraints; f$ is the rota- 
tional constant of level u. The second line in eq. (34) 
corresponds to the rigid rotor approximation where 
B = B, and E,(u) = E, = BJ(J + I). qrOt is the rota- 
tional partition function. The partially relaxed dis- 
tribution represented by eqs. (33) and (34) is obtain- 
ed by maximizing S, cf. eq. (1 I), subject to 

F P(u. J) = P(u) = Pi(u) (every u) (35) 

and 

2 P(u,J-EJU) = WR = const. (36) 

In the classical rigid rotor approximation, i.e. when 
B, = B and B < kT (36) is given by 

(37) 

where T is the heat bath temperature. Hence: the 
multitude of vib-rotational constraints (37) has been 
replaced by a few constraints on the vibrational pop- 
ulations, eq. (35): and a single constraint, eqs. (36) 
or (37), on the rotational populations. (In addition 
to the physical constraints all distributions must ful- 
fill the normalization constraints.) 

Removal of constraints leads to a reduction in the 
disequilibrium character of the system. b!ore rigorous- 
ly, according to the second law of thermodynamics, 
uncontrolled removal of one or more constraints ini- 
tiates a spontaneous relaxation process. During this 
process the entropy of the “universe” (the system 
plus its surrounding) increases until it reaches a mix- 
imal value. The state of the system in the new, final, 
state is uniquely determined by the distribution 
which maximizes the entropy of the system subject 
to the surviving constraints; i.e. those left after re- 
moving some of the original ones. It sould be remem- 
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bcred that it is the total entropy, not the entropy 
of the system itself, which increases during the relax- 
ation process. For example, the passage from the ini- 
tial state, eq. (32), to the rotationally relascd state, 
eq. (33), involves a decrease in the entropy of the 
system S. This is reflected by the lower value of.Sp 
in the boltznmnian kinetic schemes, as compared to 
S, in all other cases where Pi(U,J) =Pi(u)Pi(Jlu). In 
general; when the system is coupled to a heat bath 
at temperature T, the removal of ccnstraints is asso- 
ciated with an increase of the “entropy deficiency” 
[ 15--171 (or “information content”) TDS[PiJPf] , 
where Pi and Pf are the initiul and final distributions, 
respectively [5,7,15-171. The definition of 
DSIPilPt-], for a system containing a fixed number 
of nmlecules N. is 

DSIPilPt.] = A% c Pi(rr) In [Pi(tz)/Pf(t?)] t (38) 
n 

where the suni extends over al1 the molecular quan- 
tum states. DS[PilPI] 2 0; the equality holds if and 
oniy if Pi(n) =Pf(tz) for all 12. If the filliil state corre- 
sponds to complete equilibrium, i.e. Pi(n) a exp (--En/ 
/CT) then TDS[Pi[Pf] = -~Ai-f, the change in the 
ilelmholtz free energy of the system in the transition 
i+ f. For the passage from the nascent distribution 
(2) to the rotationally +xed distribution (S), eq. 
(3) yields 

(3% 

By controlling the removal of constraints (in anal- 
ogy to expansion against external pressure), part of 
the energy of the system and its surrounding can be 
converted into thermodynamic work. The maximal 
work, i?, is obtained when the net (system t sur- 
rounding) change of entropy is zero, i.e. in a revers- 
ible process [5,15]. It can be shown that Ri_, = 
TDSIPiIPf], cf. eq. (38). Thus, if there was a mech- 
anism which could utilize the initial rotational ener- 
gy of the nascent products the maximal possible work 
would be given by eq. (39). (For example, at least part 
of the initial rotational excitation could be converted 
into laser radiation if by appropriate choice of grat- 
ings the system was forced to lase on pure rotational 
transitions.) In our case such a mechanism does not 

exist and the initial rotational excitation is treated as 
an unavoidable dissipative loss. More precisely, in 
our kinetic-thermodynamic description rotational 
relaxation occurs spontaneously, on a time scale of 

‘R-T Z= l/k,_, [hl] , where k,_T is the R-T rate 
constant and [Bi] the total gas density. in the kinetic 
scl~~~cs corresponding to high inert gas pressures, 
e.g. in the standard case: TR_T is typically very short, 
25 IO-* s: except for high J levels, where k~_, is 
small. The boltzmannian kinetic schemes correspond 
to kR_, + m which implies 7R-T + 0. Thus, in the 
boltzmannian schemes it was a priori assumed that 
the initial rotational excitation is given to the bath 
and practically so also in the high pressure schemes_ 
In the latter cases this involves a positive contribu- 
tion to Q, S, and Sir_ On the other hand, in the “no 
relaxation” (“frictionless”) or the “no R-T” lasers, 
where k,_, E 0 and thus rK_T G CQ, there is no ener- 
gy loss and consequently no heat and irreversible en- 
tropy production due to rotational relaxation. In 
particular, among a11 the kinetic schemes, the “fric- 
tionless” laser is the one which involves the least 
amount of irreversible entropy production, see ta- 
ble 1. Nevertheless, the amount of work produced by 
this laser is considerably lower than that obtained in 
the boltzmannian, the standard and the “no V-V, T” 
lasers despite the loss of the nascent rotational ener- 
gy and the higher % values in these cases. Hence, the 
number and character of the constraints governing 
the system throughout the lasing, and not the reversi- 
bility of the process is the major criterion for the la- 
ser efficiency. 

To clarify the origin and the consequences of the 
last statement, let us compare two representative 
cases: The “frictionless” and the ‘ho V-V, T” 
schemes. Both cases are characterized by the same 
initi4 state, Pi(U,~, and in both the effects of vibra- 
tional relaxation have been eliminated. The two 
schemes differ only in the extent of rotational relax- 
ation. (This is also the only difference between the 
“standard” and the “no R-T” schemes.) The con- 
straints on the final state which characterize the sys- 
tem at the end of the work production period depend 
on the interaction between different parts of the sys- 
tem and between the system and the heat bath. In 
the “frictionless” laser P(u,J) = Pi(u,J) until thresh- 
old is reached. The start of lasing involves removal 
of constraints from the initial distribution. Due to 



the absence of collisional energy truusfer processes 
the variations in P(u, J) are only ;1 result of the lasing 
process itself which wc hive limited to P-branch? 
u.J - 1 + u - I ,.I, transitions. Hence, during and at 
the cud of the laser pulse the distribution function 
uulst fulfill the conditions 

CP(u,J - u) = CPi(U,& u) =P(gJ =coIlst., (40) 
” ” 

rvhcregJ denotes the group of levels connected by 
consecutive P-br:mcli transitious; e.g. the levels u. J = 
3,1; 2.3; I,4 and 0.5 constitute cue such group. 

On the other hidI in the “no V-V-T” laser 
where rofational cncgy trxlsfer is very fast, niole- 

cules xc mpidly esclmiging their J nunibcr. Conse- 
quently, instad of tlic nwmous constrsints (40) 
the only condition imposed on P(u,J) is (36). It is 
not difficult to show [5] that the single constrrtint 
(36) cm be espressed as ;I linear combination of the 
constraints (40). bore generally, it can be shown 151 
that if an initial state i gowned by tz constraints can 
develop into two different final states f and f gov- 
erncd by III < tt 2nd ru < 111 <n constraints, respec- 
tively, such that the m’ constraints are linear cm- 

binations of the ttz construints, then ~i_~ > rtli_.r 
Lllld ii$_q = Wi_f f iii,_.,. This provides a qwditn- 
five explanation for the pronounced superiority of 
the “no V-V, T” scheme over the ‘mfrictionIess” 
scheme. From t3blc 1 we see that 3ltlrough the x- 
tual work obtuined in the first case does not reach 
its msimal possible value (as reflected by fj > q) be- 
cause of some dissipative losses, it is by far larger 
tllm the work extracted from the “frictionless” laser. 

Both the “frictionless” and the “no V-V, T” la- 
scr types involve sonic irreversible entropy produc- 
tion. Yet, the origins OfSi: in these two cases are dif- 
ferent and should be csplained. This esplsnstion 

will &o shed light 011 the large quwtitative differ- 
CIKX in the corresponding efticicncics and facilitate 
the sndysis of the other kinetic schemes. The pump- 

ing charactc’ristics, gP and .$,: xc the sane in both 
kiwtic schemes. Tlrcrcfore, in order to sharpen tfle 
differences, we shall climinlite the effects of pump- 

ing by considering the belwiour of the system sub- 
ject only to the king and rotationa rehsrttion proc- 
esses. Specifically, let us consider the conditions on 
P(u,J) aud the changes in the tllermodynamic ~LIIIC- 

tions of 3 systim containing N molecules following 

an infinitesimal anlount of king in sone P-branch 
transition, u,J - 1 + u - l,/. The description beIow 
cm be extended to include the effects of pumping 
and sinwltaneous king on many lines. I-Iowever, 
this involves lengthy derivations and esplanations 
which do not provide additional physical insights. We 
shail therefore discuss only the specific situation just 
described. 

Consider first the “frictionless laser”. The change. 
per unit time, in P(u, .J) following the possagc of 
Aii(u, J - I) niolecuies from lcve1 u, J - 1 to u - I ,.I 

isfoundbysctting&u- l,J)=-&v.J- l)>O, 
and !‘(u’. J’) = 0 for all u’. J’ + u. J - 1 or u - 1 J. The 
corresponding changes in the iriterml energy and cn- 
tropy of the system are, [set 19 = 0 in eqs. ( 11) and 

(131, 

&.J- 1 +u- I,.q=--li+J,J- l+u- 1J) 

=Mu- l,J)(~“_tJ-Q_,) 

= -NF(u - 1 J) (7io - 2RJ), (41) 

S(u,J- 1 +u- l.J)=Sir(u,J- 1 +u- 1:s) 

where the second equality in (41) corresponds to the 
rigid rotor-harmonic oscillator (RRLIO) approsima- 
tion; EUJ =E,+~~(u)~=“+~,==tlo(u+f)t 
BJ(J + 1). In eqs. (4 I) and (41) we have idcnriiied 
lk = -J!? and Sir = 3, as implied by the absence of 
pumping and relas:ltion processes. Eq. (41) expresses 
the hct that the passage OfiVP(U, J- 1) molecules (per 
unit time) from u, J - 1 to u - 1 ,J involves the re- 
lease of an equivalent number of photons with fre- 
quency fiw - 2BJ. This process nmt be accompanied 
by ;L positive entropy chn~e of the system, i.e. the 
rrhs of cq. (42) nmst bc positive. That is, P(u, J- l)/ 

(Y - 1) > P(u - I .J)/(Zf + 1) is 3 necessary king 
condition. This is, of course, the familiar requirement 
for positive population inversion. The irreversible 
entropy production in the “frictionless” laser is thus 
an inherent consequence of the lasing nieclimisiii. 

Eq. (42) also implies that lasing in u,J - 1 + u - 1 ,J 
terminutes with P,(u,J - l)/(V - 1) = Ptb(u - l,J)/ 

(I?.! + I), i.e. when the (degeneracy averaged popula- 
tions become equal. The sane arguments apply to 
all the u, J levels associated with lasing trunsitions. 
Summation over all J’s reveals that P,(u) = P&u - 1). 
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This esplains the hi& entropy and energy contents 
of the system at the end of the lasing. The small ab- 
solute magnitude of Sir is due to the fact that entro- 
py changes associated with vibrational and rotational 
degrees of freedom are always small [6] . 

Consider now the “no V-V,T” case. Here rota- 
tional relaxation is nearly instantaneous so that at 
every moment P(u,J) = P(u)P,(J[u), where PB(J[u) 
is the Boltzmann distribution, eq. (34). The king on 
u, J - 1 + u - 1 ,J tends to burn a hole in u, J - 1 and 
create a hump in u - 1,J. However, the fast.rotation- 
al relaxation restores immediately the boltzmannian 
shapes of the rotational distributions in the upper 
and lower vibrational manifolds. Hence, the transfer 
of M(u - 1 ,J) = -NI+u, J - 1) = N&J)P& - 1 Iv) 
molecules (per unit time) via the radiative transition, 
which implies 

lil(u,J- 1 -+u- 1,J) 

=-iV&U)P,(J- IIU)(Eu;_, -Eu_l~) 

= -l\+(U)PB(.f - l)(!JW - 3,BJ), (43) 

is accompanied by heat transfer to the bath given by 

&J-J- 1) 

= -IV&U)P,(J - IlU)[EJ(U - 1) - EJ_l(u)] 

% -iVP(U)P,(J - 1)7-M. (44) 

The third lines in (43) and (44) correspond to the 
RRHO approximation. b(J -+J - 1) is the net amount 
of energy released by R-T transfer to the bath in 
order to maintain the average rotational energy per 
molecule, eq. (37), constant. That is, 2B.J is the heat 
transfer to the bath following the release of a photon 
with frequency Rw - 2BJ. Clearly, the net change 
in the energy of the system is 

&+lJ- 1;J)=-lti(U,J- 1 ‘U- l,J)-&J-J+ 

=A~~(u)P,(J-lIu)(E”-~“_,) +J)PB&l)fiW, 

(45) 

where, again, the last equality is for the RRHO level 
scheme. Eq. (45) indicates that the net result of the 
lasing and rotational relaxation is a decrease in the 
vibrational energy of the system. The decrease by 
the amount rzw per molecule per unit time, is divided 
between the radiation, fiw - 2BJ, and the heat bath, 
2BJ. Since 2&J < tlw, Q < Iv and most of the energy 

is released in the useful channel. 
The net change in the entropy of the system cor- 

responding to the energy change (45) is obtained 
from s = -NkCP(u, J) In[P(u, 3)/U + I)] , [see eq. 
(13),&= 01, by setting&u,4 =~(~)P~(Jlu),~(u-I) 

= --b(u) and i)(u’) = 0 for all u’ f u and u - 1. The re- 
sult, in the RR110 approximation, is 

S(u + u - 1;J) = -fW&u)PB(J - 1) ln[P(u)/p(u - l)] _ 

(46) 
The entropy change of the bath is (RRHO) 

$(J+J-I)= cj(J+J-I) = -A+(u)P,(J-l)ZBJ/T. 

(47) 
The net entropy production in the system and the 
bath must be non-negative. Hence 

Sir(U-,U-l;J)=~(U’U-l;J)+S~(J~J-l) 

= -A’kP(u)PB(J-1) p(u’r: +gJ In p(u _ 1j kT 
I 

>, 0. (48) 

Since I? 2 0 requires k(u) < 0, cf. eq. (43, we find 
from (48) that 

J.ylnm - 1) 
‘2B P(u) ’ 

(49) 

which is the familiar lasing condition on P-branch 
transitions at rotational equilibrium [l-l?] _ The 
high efficiency of the rotationally equilibrated lasers 
is due to the fact that even under partial inversion, 
P(u) < P(u - l), there are sufficiently high J’s through 
which lasing can continue to take place. Furthermore, 
it can be shown that the smallest J satisfying (49) is 
also the highest gain line, i.e. the nearly single king 
transition at rotational equilibrium [ 11,13,14] _ Hence, 
at complete rotational equilibrium we expect that 
Si, will be very small (see the results for run 12 in 
table 1). In fact, Sir 2 0 only because the rhs of eq. 
(49) is continuous while J is discrete so that Sir is 
finite. It should be noted that the conditionP(u) < 
P(u - 1) which practically holds throughout the laser 
pulse implies s < 0, see eq. (46). This explains the re- 
duction in the system entropy (as reflected by (EJ 2 
(3)) in all the kinetic schemes governed by fast rota- 
tional relaxation. The entropy decrease of the system 
is compensated for by the entropy increase of the 
bath, $,,_ The high efticiency of these schemes is due 
to the fact that lasing can continue and terminate 



with low P(u)/P(u - 1) values without violating the 
condition $2 0. 

The small amount Of Sir associated with maintain- 
ing the boltzmannian shape of the rotational distribu- 
tions is reflected by the results for run 12 (fig. 3 and 
table 1). We also note that Sir >S,. The inequality 
Si, > St, is due to the early stages of the lasing where 
f’(u) >P(u - 1) and IP(u)I is relatively large. In the 
“no V-V,T” run both Si, and Sb are larger because 
of the initial rotational relaxation from Pi(J) to 
s(J) which is not accounted for in the “Boltzmann 
no V-V,T” run. The larger difference Si, - S, in 
the “no V-V,T” run stems from the incomplete ro- 
tational relaxation of the hi&J levels. Similar (small) 
differences are expected and observed between the 
“standard” ( l), and the “Boltzmann” (5) schemes. 

The “standard” and “Boltzmann” schemes differ 
from the “no V-V, T” and the “Boltzmann no 
V-V,T” (respectively) only to the extent ofvibra- 
tional relaxation. This is also the only difference be- 
tween the kinetic schemes “no R-T” and “no rclaxa- 
tion”. Table 1 reveals that in all cases the vibrational 
relaxation lowers IV and 9 and increases Q. .I$, 2nd 
Sir_ This behaviour is expected since the V-V,T 
processes compete rather than cooperate with the 
lasing. 

5. Concluding remarks 

In this paper we presented, to the best of our 
knowledge, for the first time, a detailed time depen- 
dent thermodynamic analysis of a realistic chemical 
Iaser system. We attempted to prove that thermody- 
namic considemtions can provide new insights into 
the behwiour of the nonequilibrium chemical laser 
systems. The thermodynamic description, by its na- 
ture, is less detailed than the kinetic-microscopic 
description as it concentrates on only few macro- 
scopically significant quantities. The kinetic and 
thermodynamic points of view are complementary, 
not alternative, to each other. The principal general 
conclusion of this paper is that the crucial factor in 
determining the actual !aser efficiency is not the re- 
versibility of the Iasing but,.rather, the kinetic scheme 
(the thermodynamic constraints) that this process 
must fulfill. hiore specifically, it was shown, based 

on thermodynamic considerations, why and to what 
extent rotational relaxation enhances the efficiency 

and vibrational relaxation reduces the efficiency of 
the laser. 

Since the time dependent thermodynamic ap- 
proach described in this paper is based on the results 
of the kinetic analysis, it is an analytic or reformula- 
tive rather than a predictive approach. As mentioned 
above, its main virtue is to condense the very detail- 
ed kinetic data into a few macroscopic quantities of 
thermodynamic interesr. Loreover. the time inde- 
pendent thermodynamic description, which can be 
regarded as a special case of the time-dependent one, 
does provide upper bounds to the laser efficiency for 
various conditions [5,6] and thus serves as a partial- 
ly predictive tool. It is desireable of course that ac- 
tual efficiencies could also be predicted; a goal which, 
hopefully, will also be achieved_ 

We would like to thank Liss S. Feliks for her as- 
sistance in the computations. 
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